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PART 1: Basic question:

Given remote sensing data, what
algorithm(s) could detect life?



? Part 1

Chemical disequilibrium as a sign of life

James Lovelock (1965), Joshua Lederberg (1965) Nature
- “Kinetic instability in the context of local chemical and
physical conditions...” Lederberg

- “Search for...compounds in the planet’s atmosphere that are
incompatible on a long-term basis” Lovelock
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Brightness Temperature, K

Modern incarnation: Biogenic gases in spectra
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search Earth-like
exoplanets for O, and
perhaps CH,



Disequilibrium applies to waste biogenic gases, but it's
nuanced:

1) ALL planetary atmospheres are in
disequilibrium
- Geophysics competes with biology. How much?

2) Life feeds on disequilibrium so
sometimes disequilibrium might mean “no
one home” I.e.,

uneaten free food=> no-grad-students

no life



Part 1

Atmospheric disequilibrium as a biosignature on exoplanets?

DETECTING LIFE-BEARING EXTRASOLAR PLANETS WITH SPACE TELESCOPES

Steven V. W. Beckwrrs">?
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ABSTRACT

One of the promising methods to search for life on extrasolar planets (exoplanets) is to detect its signature in the
chemical disequilibrium of exoplanet atmospheres. Spectra at the modest resolutions needed to search for methane,
oxygen, carbon dioxide, or water will demand large collecting areas and large diameters to capture and isolate the
light from planets in the habitable zones around the stars. Single telescopes with coronagraphs to isolate the light from
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1965; Lippincott et al., 1966; Lovelock and Margulis, 1973;
Sagan et al., 1993; Lenton, 1998). Disequilibrium by itself
is not an unequivocal indicator of life, since it can also
be caused by abiotic processes such as photochemistry or
geothermally driven surface chemistry. In particular, photo-
chemistry can produce substantial amounts of O, and Oj;,
as found in the Earth’s stratosphere as well as on Venus

Remote life-detection criteria, habitable zone
boundaries, and the frequency of Earth-like planets
around M and late K stars

James F. Kasting', Ravikumar Kopparapu, Ramses M. Ramirez, and Chester E. Harman

sphere, as either methanogens would consume it (10), or alter-
natively acetogens would use it to produce acetate (11). So, the
criterion of extreme thermodynamic equilibrium as a biomarker
is directly contradicted.
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tures (e.g., complex organic molecules and cells).
Life may be indicated by chemical disequilibria
that cannot be explained solely by nonbiological
processes. For example, a geologically active
planet that exhales reduced volcanic gases can
maintain detectable levels of atmospheric oxygen
Some inconvenient truths about biosignatures
involving two chemical species on

Earth-like exoplanets
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The d ion of strong th hemical disequilibrium in the at-
mosphere of an extrasolar planet is thought to be a potential
biosignature. In this article we present a previously unidentified
kind of false positive that can mimic a disequilibrium or any other
biosignature that involves two chemical species. We consider a sce-

March 27, 2014 (received for review February 1, 2014)

a planet’s atmosphere should not be considered as clear evidence
for life. [Also note that the Earth might have never had a phase
of strong, observable O,/CH, disequilibrium (19).] There is a long
list of abiotic sources that could also create a disequilibrium such
as impacts (20), photochemistry (21), and geochemistry (14).

FINDING EXTRATERRESTRIAL LIFE USING GROUND-BASED HIGH-DISPERSION SPECTROSCOPY
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ABSTRACT

Exoplanet observations promise one day to unveil the presence of extraterrestrial life. Atmospheric compounds
in strong chemical disequilibrium would point to large-scale biological activity just as oxygen and methane do
in the Earth’s atmosphere. The cancellation of both the Terrestrial Planet Finder and Darwin missigs means
that it is unlikely that a dedicated space telescope to search for biomarker gases in exoplanet atmospheres will be



Quantifying chemical disequilibrium

Atmosphere if it were in

Observed atmosphere
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Quantifying chemical disequilibrium

Atmosphere if it were in

Observed atmosphere chemical equilibrium
Temperature, T. Pressure, P Temperature, T. Pressure, P
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We quantify disequilibrium as the change in Gibbs energy of the
system during reaction to equilibrium:

Available energy, AG =G

(T,P)

(observed)— G

T (equilibrium)

Applied to Solar System atmospheres....



Mixing ratio

Part 1

¢+ ¢ [l observed
1 1 1 1 equilibrium

Available eﬁergy;
AG =G p (0bser) =G, (equil)
“|AG =0.001J/mol

3H, +CO=CH, +H,0

H2 He CH4 NH3 Ne Ar H20 CO HCN
/

3H,(g) + HCN(g) = CH,(g) + NH,(g)



Mixing ratio

-10

02 +2CO ﬁ 2C02 ' ' eq'uilibri'um

B observed

Avallable energy,
AG =G p (0bser) =G, , (equil)
1AG =136 J/ mol

CO2 N2 Ar

02 CO H20 NO Ne Kr Xe O3 NO2 H2 H202
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Available energy,
AG =G p (0bser) =G, (equil)
AG =0.06 J/ mol

H,S+CO, = H,0+0CS
3CO+S0, = 2C0, +0CS
2C0, +S+= S0, +2C0

H,+S=H,S



Mixing ratio

Earth (atmosphere only) mcsene

Part 1

[ lequilibrium

20,+CH, =CO,+2H,0

N2 O2 H20 Ar CO2 Ne

He _CH4 Kr H2 N20 CO Xe O3 HCI

Available energy,
AG =G p (0bser) =G, (equil)
AG =1.5J/mol
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Typical surface of Mars



Typical surface of planet Earth

(2012: 13°S, mid-Atlantic, 3.8 km depth of water )
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Gilbert Lewis (1923): “starting with air and water..
nature will not discover a catalyst for this reaction, which would...
acid”.

Earth (atmosphere-ocean fluid envelope)

02 N2

H20

H20_L NO3(-) H(+)

2N, (g)+50,(g)+2H,0(l) = 4H" (aq) + 4NO; (aq)

A‘r

(I

Na(+)

A) gaseous species

Bobserved
] [lequilibrium |
CO2 Ne He CH4 K H2 N20 CO Xe 03  HCl
B) aqueous species AVallable energy,
BMobserved
AG 2326 J / mOI [_lequilibrium
K(+) Mg(+2) Ca(+2) Sr(+2) CI(-) SO4( 2)%03() Br(-) BOH)3 F() CO2 CO3(-2) OH(-)

Part 1

.nitric acid should form. It is to be hoped that
turn the oceans into dilute nitric
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Earth (atmosphere-ocean fluid envelope)

A) gaseous species
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Mixing ratio

02

N2

H20

o

—
o
5)

L)

-
o-

Moles per mole of atmosphere
o
o

-
o.

H20_L NO3(-) H(+) | Na(+)

Ar CO2 Ne

|1 15531
K(+) Mg(+2) Ca(

B) aqueous species

| L L !
+2) Sr(+2) Cl(-) SO4

(

I. I | I

I | -
He CH4 Kr H2 N2

O CO X

Bobserved
L_lequilibrium |

1

e 0 HCI

Available energy,
AG =2326 J/mol| M=

-2HCO3(-) Br(-) B(OH)3 F
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Gilbert Lewis (1923): “starting with air and water...nitric acid should form. It is to be hoped that
nature will not discover a catalyst for this reaction, which would...turn the oceans into dilute nitric

acid”.
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Part 1

Earth has largest disequilibrium in the
solar system

Earth

Mars

Titan

Venus

Earth (atmo only)

Jupiter

i

Uranus (maximum)

0.001 0.1 10 1000
Available Gibbs energy, ® (J/mol)



Part 1

Earth has largest disequilibrium in the
solar system

Earth W
Mars W
Titan %
Venus “*
Earth (atmo only)
_

Jupiter

Uranus (maximum) W

0.0000001 0.000001 0.00001 0.0001 0.001 0.01 0.1 1

Non-dimensional disequilibrium, ®/RT

Only on Earth is available energy = thermal energy of air
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Is this practical for exoplanets?

- For exoplanets, thermodynamic disequilibrium could be
computed directly from observations without any assumptions
about gas fluxes.

- Bulk abundance, oceans, and total pressure are observational
challenges, but have been considered by the Virtual Planetary Lab:

- N, from N,-N, dimer absorption, 4.3 um

(Schwieterman et al., 2015).

- Ocean presence from glint + spectra

(e.g., Robinson et al., 2010; 2014).

- Pressure from O,-O, dimer, 1.06 & 1.27 pm

(Misra et al., 2014).

- Sensitivity tests to difficult-to-observe variables in the calculation
show relative insensitivity
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Sensitivity test

Available energy, @ (J/mol)

Temperature T=273.15K 1634.78
T=288.15K 2325.76
T=298.15K 2824 48
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Sensitivity test

Available energy, @ (J/mol)

Temperature T=273.15K 1634.78
T=288.15K 2325.76
T=298.15K 2824 48
Pressure 0.1 bar 1354 .20
1.013 bar 2325.76
10 bar 3891.96
1000 bar 6878.35
Ocean pH 2 3.28
- 426

6

8.187 (Earth)
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See extra
slides

Sensitivity test
Available energy, @ (J/mol)
Temperature T=273.15K 1634.78
T=288.15K 2325.76
T=298.15K 2824 48
Pressure 0.1 bar 1354 .20
1.013 bar 2325.76
10 bar 3891.96
1000 bar 6878.35
Ocean pH 2 1983.28
4 2314.26
6 2325.71
8.187 (Earth) 2325.76
12 2325.65
Salinity 0 mol/kg 2290.01
I.1 mol/kg 2325.76
11.1 mol/kg 2276.40
Ocean volume 0.1 Earth ocean 41362
0.5 Earth ocean 1442 95
| Earth ocean 2325.76
2 Earth oceans 4188.27
10 Earth oceans 8956.34
50 Earth oceans 12626.22

Part 1
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What does disequilibrium mean?

- Sometimes thermodynamic disequilibrium means life.
Biology: fixation + nitrification
Oz N,

. _ Biological nitrate
Respiration Oxygenic reduction

photosynthesis (denitrification)

CO,+H,0—0,+CHO NO;



Part 1

What does disequilibrium mean?

- Sometimes thermodynamic disequilibrium means life.

Biology: fixation + nitrification

OZ N2
Biological nitrate
Respiration Oxygenic reduction
photosynthesis (denitrification)
CO,+H,0—0,+CH,0 NO;

- Sometimes thermodynamic disequilibrium means the absence
of life (antibiosignature). Large available energy = an “uneaten
free lunch” -> no life exists.



Mixing ratio

10"

G o Mars
- A primitive metabolism: | I observed
' CO+H,0 — CO, +H, [[—Tequiibrium

Av.aila.ble énergy, |
|AG =G (0bser)— G, (equil)

I |AG =136 J/mol

CO2 N2 Ar O2 CO H20 NO Ne Kr Xe 03 NO2 H2 H202
Overabundant CO suggests no life today on the surface of Mars.
(Weiss et al. 2000; Zahnle et al. 2011)




What does disequilibrium mean?

- Sometimes thermodynamic disequilibrium means life.

Biology: fixation + nitrification

OZ N2

Biological nitrate
reduction
(denitrification)

Respiration Oxygenic
photosynthesis

CO,+H,0—0,+CHO NO;

- Sometimes thermodynamic disequilibrium means the absence

of life (antibiosignature). Large available energy = an “uneaten
free lunch” -> no life exists.

- Conclusion: a single number metric like available energy has to
be considered judiciously — in context.



Part 1
Part 1: Conclusions

- Earth has the largest disequilibrium in the
Solar System, which is biogenic.

- The other Solar System planets have smaller
disequilibria maintained by abiotic processes.

- For exoplanets, thermodynamic disequilibrium
could be computed directly from observations
without any assumptions about gas fluxes.
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Part 2: Can color be used to
identify Earth-like exoplanets?



Pale Blue Dot, 1990:
Picture of the Earth taken by Voyager 1
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Cassini, 2013
Pale Blue Dot
(with the Moon)
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Normalized reflectivity

Why is Earth a Pale Blue Dot? rart e
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Part 2

Is the “Pale Blue Dot” biogenic? Yes.

Where our project began: biogenic atmospheric chemistry and habitability:
1) An O,-rich atmosphere makes ozone (O;)
2) An O,-rich atmosphere (and rainfall) ensures a clear atmosphere
O, absorption <340 nm generates excited oxygen, O('D)

H,O + O('D) =» OH + OH
Oxidizes H,S, OCS, DMS to sulfate (NH; to NH,-sulfate in troposphere) which rain out
Oxidizes CO, CH, and other hydrocarbons to CO, and H,0

Result: air mostly transparent but Rayleigh scattering in near-UV, visible

Without high OH, you get organic haze
e.g., Archean Earth: CH, and associated hydrocarbons + haze

Review: Catling, D.C. (2015) Planetary Atmospheres, In G. Schubert (ed.), Treatise on Geophysics
(2nd Ed.), vol. 10, Elsevier, New York, 429-472.
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False-positive Pale Blue Dot?: ‘Callisto’ with N,-only atmosphere
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False-positive Pale Blue Dot?: ‘Mars’ with thick CO,-only atmosphere
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Part 2

Can we do better than this?



Methods

Goal: Find the set of photometric bins
that maximize Earth’s distance from
its nearest uninhabitable neighbor in
color-color space.

Find color-color axes:

]€[a3 N / R[a2 b, = Rred / Rgreen
]z[a1 b ] / R[a2 b, = Rblue / Rgreen

Constraints:

- Non overlapping bins

- Minimum bin size 100nm
- Restrict to 350-1000nm.

Part 2



Part 2

Methods

Goal: Find the set of photometric bins
that maximize Earth’s distance from
its nearest uninhabitable neighbor in
color-color space.

Find color-color axes:

]z[a3 b, | / ]Q[az b, = Rred / Rgreen
R[al,bl] / R[az,bz] = Rblue / R

green

Constraints:

- Non overlapping bins

- Minimum bin size 100nm
- Restrict to 350-1000nm.

Uninhabitable false positives
considered:

- Solar System objects

- Ensemble of model gas giants
(Sudarsky et al., 2000)

- Mini-Neptunes (hydrogen
dominated, thick steam)

- Runaway snowballs

- Galilean moons with thick N,
atmospheres.

Mars with varying pCO,, N,.
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Constrained maximization of
Pythagorean distance

maximize (a a..a..b.b b):
al,az,a3,b1,b2,b3 f 1277227735 71972973

" £\/li(R[%b1] / R[az’bz] )Earth - (R[al,bll / R[az,bz] )j ilz * [(R[“3’b3] / R[“2’b2])Earth - (R[“s’bs] / R[“2’b2] )f T ]

subject to {lmin < al},{b3 < lmax},{ai +m< bl},{bl. < aiﬂ}, i=1,2,3

Nonlinear problem -> brute force solution
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Optimal separation results
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Optimal separation results
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Additional tests were also done
but little improvement:

- Change minimum bin size

- Generalize axes

- 4 bins instead of 3

- 3D plots

- different separation criteria
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How long would it take to observe
this unique color?
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How long would it take to observe
this unique color?
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Part 2

Bottom line: the integration time required to separate Earth

to 5 sigma is longer than time required to obtain a spectra

with S/N=5 and 10 nm resolution
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Part 2: Conclusions on color

With optimal photometric bins, Earth’s color is
unique compared to all known false-positives.

However, the integration time required to resolve
Earth’s unique color is comparable to the time
required to obtain a spectrum with ~10 nm
resolution.

Other results (not discussed) shows that it’s even
more difficult to identify the Archean (>2.5 Ga)
Earth with photometry alone.



Take-home messages

Part 1: Earth’s atmosphere-ocean reservoir has a large,
biogenic disequilibrium, quantified here for the first time.
Sets Earth apart from other planets. This could be observed
for exoplanets, though interpretation of thermodynamic
disequilibrium requires further work. Further work also
must be done to examine kinetic metrics.

- preprint on arXiv; source code online upon publication

Part 2: Although Earth’s color is unique, there’s no practical
advantage in restricting future observations to broad
photometric bands. Moreover, identification of ancient
Earths requires a spectrum of more fidelity.
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